ABSTRACT: Increasing evidence that mutation of planar cell polarity (PCP) genes contributes to human cranial neural tube defect (NTD) susceptibility prompted us to hypothesize that rare variants of genes in the core apicalbasal polarity (ABP) pathway are risk factors for cranial NTDs. In this study, we screened for rare genomic variation of PARD3 in 138 cranial NTD cases and 274 controls. Overall, the rare deleterious variants of PARD3 were significantly associated with increased risk for cranial NTDs (11/138 vs.7/274, P < 0.05, OR = 3.3). These NTD-specific variants were significantly enriched in the aPKC-binding region ( 
Introduction
Human neural tube defects (NTDs) are common, severe, and costly birth defects that arise between the third and fourth week of embryogenesis due to the partial or complete failure of neural tube closure (NTC). Worldwide, approximately 0.5-2 out of every 1,000 pregnancies are affected by NTDs, but the global prevalence varies considerably [Lary and Edmonds, 1996; Feuchtbaum, et al., 1999; Mitchell, 2005] . China has a high incidence of NTDs, with approximately 2.74 per 1,000 pregnancies reported in some regions [Xiao, 1989] . Shanxi Province in China has the highest known prevalence of NTDs (13.87/1,000) [Li, et al., 2006] , making it particularly worthwhile to investigate the causality of NTDs in Chinese populations.
The neural tube is derived during early embryogenesis from a sheet of multi-potential epithelial cells. In order to form a closed lumen, the neuroepithelial cells must adopt the correct threedimensional morphology through cell migration and remodeling. The establishment and maintenance of cell polarity is a crucial step in neuroepithelium morphogenesis [Doudney and Stanier, 2005] . There are two polarity pathways, the planar cell polarity (PCP) pathway and the apical-basal polarity (ABP) pathway [McCaffrey and Macara, 2009b] . The PCP pathway is required for convergent extension movements in Xenopus gastrulation [Wolff and Rubin, 1998 ] and is essential for normal NTC in vertebrates [Torban, et al., 2004] . The perturbations of this pathway result in a high prevalence of NTD-affected embryos in both Xenopus and mouse models [Wallingford, et al., 2000; Kibar, et al., 2001; Ueno and Greene, 2003] . Recently, identification of rare mutations in a series of core PCP genes has established that genetic defects in the PCP pathway confer risk for NTDs in humans [Kibar, et al., 2007; Kibar, et al., 2009; Seo, et al., 2011; Allache, et al., 2012; De Marco, et al., 2012; Robinson, et al., 2012; Shi, et al., 2012; Lei, et al., 2013] . In particular, the high yield of genetic variants in subjects with cranial NTDs implies a major role for disruption of the PCP pathway in severe forms of NTDs [Robinson, et al., 2012] .
The ABP pathway is also important for the acquisition of the cell shape by regulating tight junctions. A subset of ABP pathway components governs the apical constriction of epithelial cells, and converts the columnar cell into a wedge-shaped cell which is essential for NTC [Fan, et al., 2004; Martin-Belmonte and Mostov, 2008; McCaffrey and Macara, 2009b] . ABP is mediated by three interacting protein complexes (Pard3, Crumbs, and Scribble). Of these, Pard3 is the most important, as it can influence the other ABP complexes via aPKC. Pard3 was first identified in Caenorhabditis elegans, and is highly conserved among species, containing a conserved Nterminus and 3 PDZ domains that bind aPKC, Pard6, and Pten [Fan, et al., 2004] . Recent studies have demonstrated that Pard3 controls the asymmetric neural progenitor divisions during zebrafish neurulation [Tawk, et al., 2007] . Pard3 depletion in zebrafish results in hydrocephalus [Hong, et al., 2010] , a phenotype often seen in association with human NTDs. In humans, PARD3 (MIM# 606745) intragenic microdeletions and missense mutations have been identified at high frequency in human epithelial cancer cell lines [Rothenberg, et al., 2010] . We previously reported a significant association between common SNPs of PARD3 (rs2496720, rs2252655, rs3851068, and rs118153230) and NTDs, and this association was more significant for cranial rather than spinal defects [Gao, et al., 2012] . Given the importance of PARD3 in neuroepithelial morphology, we hypothesized that rare PARD3 genomic variants are risk factors for human cranial NTDs. Therefore, we screened for rare copy number variation (CNV) and single nucleotide variant (SNV) of PARD3 in 138 cranial NTD cases and 274 matched controls. The functional consequences of the NTD-specific PARD3 variants on the ABP complex and tight junction formation were investigated in vitro. Finally, we studied the polarity phenotype of human neural progenitor cells (NPCs) and the epithelial polarization behavior in chick embryonic neural tube after PARD3 knockdown to explore the pathogenic mechanism involved in NTDs.
Materials and Methods

Recruitment of Study Cohorts
One hundred and thirty-eight NTD-affected cases were enrolled in multiple local county hospitals in Shanxi Province. There were 42 cases with craniorachischisis and 96 cases with anencephaly. Two hundred and seventy-four embryos that were terminated for non-medically related reasons in same geographical regions were enrolled and used as the matched controls [Chen, et al., 2010] . The distributions of gestational age and sex were similar between the case and control groups (Supp . Table S1 ). Eight hundred healthy, non-malformed Chinese children were recruited from kindergartens during their annual routine physical checkups, and they were all found to be free of NTDs and other structural malformations.
The study protocol was reviewed and approved by the Ethics Board of Capital Institute of Pediatrics and Fudan University. Informed consent was obtained from all pregnant women and the children's guardians for participation in this study.
Detection of Genomic Copy Number Variant of PARD3
The 244K array-CGH platform (Agilent Technologies Inc., Palo Alto, CA) was performed to detect PARD3 CNVs in 100 cases and 100 controls using our previous method, of which 51 cases and 75 controls have been reported as part of a previous mixed-NTD association study [Chen, et al., 2013] . For the remaining test samples, CNVs were detected using a modified multiplex ligation-dependent probe amplification method (Supp . Table S2 ) [Zhang, et al., 2015] .
Sequencing and Locus-Specific Genotyping of PARD3
The promoter/coding region (25 exons) and the exon-flanking 50-100 bp of the introns of PARD3 (NM 019619.3) and its isoform (NM 001184793.1) were screened for SNVs (Supp . Table S2 ). Hundred cases and 100 controls were screened by Sanger sequencing (ABI Prism 3700 Genetic Analyzer). The remaining test samples were screened by massively parallel sequencing after multiplex PCR panels (200-270 bp) .
For previously reported SNV, variants with minor allele frequencies >= 0.5% in any public database were not considered as rare variants. For novel SNV, the variant was not considered to be a rare variant if it co-occurred in both control and case cohorts with frequency >= 1%. Only the rare variants in coding or splicing regions were collected for functional predictions using a series of in silico analysis programs.
Eight hundred normal Chinese children were genotyped using the Sequenom MassARRAY System to assess the frequency of rare NTD-specific SNVs (Supp . Table S2 ).
Expression Construction, Mutagenesis, and Cell Transfection Followed by Immunofluorescence Staining, Immunoprecipitation, and Western Blotting
Pk-myc-PARD3 (4,062 bp), pCMV-aPKC-3flag (1,764 bp), and GFP-PARD3 were purchased (Addgene, Cambridge, MA , USA) or re-constructed by double enzyme digestion (Hind III, Xba I). Mutations were created using Site-Directed Mutagenesis (Agilent, Santa Clara, CA) and verified by DNA sequencing.
HEK293T cells and MDCK II cells (ATCC, Manassas, VA) were grown in minimum Eagle's medium supplemented with 10% fetal bovine serum and antibiotics. 70%-90% confluence was achieved one day before transient transfection experiments. Myc-PARD3, GFP-PARD3, and 3flag-aPKC were transiently transfected into HEK293T and MDCK II cell lines successfully by Lipofectamine 2000 or Lipofectamine Plus (Invitrogen, Grand Island, NY). After 48 hr of transfection, the MDCK cells were washed, fixed for further immunofluorescence (IF) staining, and HEK293T cells were washed, collected for immunoprecipitation (IP) or Western blotting experiments.
Low Calcium Switch Assay in MDCK Cells
MDCK cells transfected with myc-PARD3 plasmid were preincubated overnight in minimum essential medium for suspension HUMAN MUTATION, Vol. 38, No. 4, 378-389, 2017 culture (Invitrogen, Carlsbad, CA) containing low Ca 2+ (5 μM) and 5% FBS [Rajasekaran, et al., 2001] . The medium was replaced with normal DMEM and continued incubation for 30 min to allow tight junction formation.
PARD3 Knockdown by siRNA Transfection in Human NPCs
Normal human NPCs (derived from iPSC clone 8330-8) were a gift from Dr. Stephen J. Haggarty's Lab (derived from Coriell GM08330 fibroblasts and characterized as described) and cultured using standard methods [Sheridan, et al., 2011] . PARD3 eSiRNA (SG118942) and siRNA universal negative control (SIC001; Sigma, St. Louis, MO) were transfected into NPCs at 60% confluence via X-tremeGENE esiRNA Transfection Reagent (Roche, Indianapolis, IN). After 48 hr of transfection, NPCs were washed for IF staining.
cPard3 Knockdown by in ovo shRNA-Induced Lentiviral Infection in Chick Chick Pard3-specific (cPard3) shRNAs with a GFP tag were packaged in HEK293 cells that were transiently transfected using a lentiviral expression plasmid package (GeneChem Biotechnology Co. Shanghai, China). The dosage and knockdown efficiency of three shRNA supernatants was determined in infected chick embryo neuroepithelial cells (Supp. Table S3 ). Embryos were staged according to HH stages [Hamburger and Hamilton, 1992] . The fertilized chick eggs were incubated in a humidified incubator at 37°C for 46-48 hr, enabling the embryos to develop to stage HH12-14. One microliter of viral suspension diluted by DMEM was microinjected into the neural tube using a glass micropipette (40-50 mm) under a dissecting microscope . The eggs were sealed and incubated another 48 hr to 8 days to allow for the complete development of the nervous system prior to capturing images. Non-injected eggs were used to evaluate the toxicity of shRNA supernatant, and lentiviral supernatant with GFP, which was used as the control. Twenty eggs were microinjected for each group. Embryos at the HH34-HH38 stage were collected for phenotype evaluation.
Only embryos with high GFP expression were used for histopathology sections, immobilization and IF experiments. The tissue was transverse sectioned at the same level of the rostrocaudal axis of the spinal cord and tail according to the somite location for anti-Pard3 staining, and imaged using the Zeiss LSM-410 confocal microscope, scale bar with 10-25 μm was used for image capture.
Animal welfare and experimental procedures conformed to the Institutional Guidelines of the Care and Use of Laboratory Animals at the China Agricultural University (Beijing, China). Other information was listed in the Supp. Materials and Methods.
RESULTS
Rare Intragenic PARD3 Deletion Resulted in Decreased PARD3 Expression Levels in a Subject with Cranial NTD Only one intragenic 139 kb deletion (hg19, chr10:34835589-34975192; Supp. Fig. S1A ), published previously [Chen, et al., 2013] was detected in a cranial NTD case. No PARD3 deletions were detected in 274 matched controls and our internal clinical array-CGH database (Children's Hospital Boston). Long-range PCR from kidney, heart, and muscle and skin tissue were consistent with this lesion being a germline microdeletion. It is worth noting that this singleton PARD3 deletion has similar coordinates to one reported pathogenic deletion (Patient 256704, chr10:34813019-34994077 ; Supp. Fig. S1A ) in the Database of Chromosomal Imbalance and Phenotype in Humans Using Ensembl Resources (DECIPHER). Patient 256704 was diagnosed with autism, delayed speech and language development, and intellectual disability. In the Database of Genomic Variants (DGV), only one PARD3 deletion (nsv524046, chr10:34459350-34941134,) was identified from 2026 Western controls [Shaikh, et al., 2009] . However, nsv524046 was detected by lowresolution SNP chip (Illumina HumanHap550 Genotyping BeadChip v3) and not validated by PCR, so the accuracy remains uncertain. Although Fisher's exact test did not show PARD3 deletion to be significantly associated with NTDs (1/138 in NTDs vs. 0/274 in controls, P > 0.05), the low prevalence in this study population and DGV database (1/412 and 1/2026, frequency < 0.5%) demonstrates that it is a rare event.
This singleton deletion crosses an exon for a PARD3 isoform and several anonymous mRNAs (Supp. Fig. S1A ). The ENCODE dataset revealed evidence from a polyA RNA-Seq technique that the sequences within this segment are transcribed and poly-adenylated in some normal cell lines. We compared PARD3 levels in the deletion carrier with that in 12 age-matched controls (Supp. Fig. S1B ). The NTD case had a significantly lower PARD3 expression index than controls in both kidney (0.50 vs. 0.72, P < 0.01 for 180 kDa) and heart tissues (0.52 vs. 0.73, P < 0.05 for 180 kDa; Supp. Table  S4 ), suggesting a negative impact of the intragenic deletion on production of PARD3. We then sequenced the non-deleted allele in this subject, but did not identify any rare deleterious SNV as a second hit.
Rare Deleterious NTD-Specific Variants Enriched in the aPKC-Binding Region of PARD3
Previous genotyping of 53 tag PARD3 SNPs had confirmed that subjects in this cohort represent the same Chinese ethnic group [Gao, et al., 2012] . After removing any questionable sequencing data and common variants, a total of 60 rare PARD3 variants including synonymous, missense, and splicing variants remained for comparison (Supp. Table S5 ). The proportion of NTD subjects with rare PARD3 variants was significantly higher than the matched controls (28/138 vs. 32/274, P < 0.05; Table 1 ). Furthermore, NTD subjects harbored significantly more deleterious variants than the matched controls (11/138 vs. 7/274, P < 0.05; Table 2, Supp. Fig.  S2 , and Supp. Table S6 ), suggesting that rare deleterious PARD3 variants confer an increased risk for cranial NTD (OR = 3.3). These rare deleterious variants were all present as heterozygotes. Among them, four variants were novel and nine variants were reported in the public databases with or without an rs number; three variants were recurrent in NTD cases (p. G1249S, p.P913Q, and p.T861S; Table 2 ). None of the control-specific deleterious variants was recurrent. Importantly, seven NTD-specific deleterious variants localized to key binding regions of PARD3, with six variants in the aPKC-binding region (protein 712-936; Fig. 1 ), two of which were recurrent (p.P913Q and p.T861S). None of the controlspecific variants localized to the aPKC-binding region (6/138 vs. 0/274, P < 0.01). All NTD-specific variants have also been submitted to ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/, SCV000299306, SCV000299312). We also reviewed all PARD3 SNVs from the ExAC database, and only the missense and loss-of function variants in the aPKC-binding region that occurred at <0.5% frequency in the 4325 East Asian individuals were extracted for comparison. Although we did not predict a deleterious effect for those ExAC variants as well as for our NTD-specific variants (which increased the potential for false deleterious variants within the ExAC database), the Fisher's Among the cranial NTD cases carrying very rare deleterious variants, 60% (3/5) presented with craniorachischisis (Supp. Table S7 ). The Sanger sequences and species conservation of very rare NTDspecific variants of PARD3 are shown in Figure 1 and Supp. Figure  S3 . Maternal inheritance was excluded for variants P913Q, c.583-3T>C, and R349H using DNA from the mother's blood, but paternal samples were not available to test whether the variants are de novo or inherited. For the D783G variant, the parental sample confirmed maternal inheritance. The NTD Epidemiological Register Database indicated that this mother suffers from neurobehavioral delays with communication difficulties. No rare copy number variant (>30 kb) was detected from their whole genomic array data.
In silico programs predicted that D783G and P913Q alterations result in loss of aPKC binding activity. Consequently, these two NTD-specific variants were chosen to perform downstream functional analyses.
Decreased Binding to aPKC of PARD3 Variants in HEK293T Cells
Given that the PARD3/aPKC interaction is essential for PARD3 function during the establishment of apical tight junctions and subsequent polarity of neuroepithelial cells [Horikoshi, et al., 2009; McCaffrey and Macara, 2009a] , we examined the binding affinity of PARD3 containing the deleterious variants (D783G and P913Q) to aPKC using an in vitro HEK293T transient transfection system (Pk-myc-PARD3). In these experiments, both mutant PARD3 (D783G and P913Q) showed reduced coprecipitation with endogenous aPKC ( Fig. 2A and D) compared with wild-type PARD3 (wt-PARD3), suggesting a lower affinity for the aPKC of the PARD3 variants. When exogenous aPKC was overexpressed (flag-aPKC; Fig.  2B and D), reduced coprecipitation was again seen for the D783G variant, but not for P913Q, consistent with the greater disruption of aPKC binding by D783G variant with endogenous aPKC observed in the previous set of experiments ( Fig. 2A) . HUMAN MUTATION, Vol. 38, No. 4, 378-389, 2017 Figure 1. DNA sequencing and locations of the rare deleterious variants of PARD3. A: The sequence chromatographs of four very rare, NTDspecific variants of PARD3. The top is the sequence from an NTD case, and the bottom is reference sequence from GenBank. Two independent PCR experiments and bidirectional sequencing were performed for each variant. B: Schematic diagram of PARD3 shows the differential locations of rare deleterious variants of PARD3 detected in the NTD cases (blue) and the controls (red). The protein structure and domain of PARD3 was described based on information from The Universal Protein Resource (UniProt, http://www.uniprot.org/uniprot/Q8TEW0). Six NTD-specific variants are in the aPKC-binding region.
Phosphorylation Status of PARD3 Variants in HEK293T Cells
aPKC is a serine/threonine protein kinase which binds PARD3 via its kinase domain. Once bound, PARD3 acts as a substrate for aPKC phosphorylation and stimulates multiple downstream pathways including: NUMB, CRUMBS, PTEN, and PARD6 [Goldstein and Macara, 2007] . There are 129 predicted phosphorylation sites in PARD3 Henrique and Schweisguth, 2003] . The D783G and P913Q variants are close to S781, a known phosphorylation site. Using the in vitro HEK293T transient transfection assay, we observed that P913Q variants showed increased phosphorylation compared with wt-PARD3 ( Fig. 2C and E) , while the D783G variant did not show a significant difference in phosphorylation.
PARD3 Variants Disrupted ZO-2 Colocalization and Tight Junction Formation in MDCK Cells
The tight junction is an epithelium-specific junction structure that is important for maintaining apical cell polarity, and functions as the "fence" separating apical from basal domains [Denker and Nigam, 1998; Suzuki, et al., 2001] . The colocalization of PARD3/aPKC with other molecules is essential for tight junction formation [Suzuki, et al., 2001; Horikoshi, et al., 2009] . MDCK cells have been recognized as a model for examining tight junction function. We analyzed the colocalization of wt/mutant exogenous PARD3 with a classic tight junction protein, zonula occludens-2. A higher level of PARD3 expression was observed in MDCK cell transfected with exogenous PARD3 (exo-PARD3 cells) than nulltransfected MDCK cell (endo-PARD3 cells) (Supp. Fig. S4 ). The exogenous wt-PARD3 colocalized with ZO-2 at the tight junction region, and the morphology of the exo-PARD3 cells was the same as that of the endo-PARD3 cells with integrated tight junction formation. For mutant-PARD3, the morphology of mutant exo-PARD3 cells changed (clumped and crowded) with obscure or negative ZO-2 staining. Tight junctions between cells disappeared (Fig. 3A) . These results suggested that D783G and P913Q variants disrupt tight junction formation in epithelial cells.
It is well known that tight junction formation is calcium dependent. When cells are incubated in media with low calcium (LC) concentration, the monolayers of MDCK cells lack cell-cell contact and intercellular junctions. However, providing normal calcium concentrations after LC incubation triggers a series of molecular events to restore tight junction formation [Denker and Nigam, 1998 ]. This is referred to as a LC switch experiment, and it offers a model system to study how the related tight junction proteins are synthesized and colocalize to the intercellular region [Cereijido, et al., 1998 ].
We further investigated whether the synthesis or colocalization of tight junction protein was influenced by PARD3 variants (D783G and P913Q) using LC switch assay. First, we sought to determine the suitable time point to compare the synthesis and colocalization of endogenous ZO-2 during a pilot experiment. We performed ZO-2 staining in the MDCK cells at different time lapse (0.5, 2, and 8 hr . Human HEK293T cells without transfection or transfected flag-aPKC along were used as the negative controls. The total PARD3 levels extracted from cell lysates are shown on the bottom. The HEK293T cells with transfected flag-aPCK alone showed a weak and non-specific band for anti-myc due to protein G immunoprecipitation. C: Human HEK293T cells transfected with wt/mutant myc-PARD3 vectors were lysed, pulled down by anti-myc to test PARD3 phosphorylation levels using anti-phos.G140. The myc-PARD3 levels extracted from cell lysates are shown on the bottom. D: Quantification analysis for aPKC binding activity of wt/mutant PARD3. The relative binding to aPKC of wt/mutant PARD3 was normalized by total myc-PARD3 levels pulled down by antimyc. E: Quantification analysis for PARD3 phosphorylation levels induced by aPKC. The relative phosphorylation status of wt/mutant PARD3 was normalized by total myc-PARD3 levels pulled down by anti-myc. Each histogram value represents the average of three independent experiments; bars represent the SD. The differences with P < 0.05 (two-sided) were considered statistically significant. intervals) after standard incubation (Supp. Fig. S5 ) and finally chose 30 min as the appropriate time point because both positive ZO-2 and PARD3 expression can be observed at this point before tight junction formation is complete. In wt-PARD3 cells, there was significant colocalization of ZO-2 with exogenous PARD3. The integrated tight junction formed normally between the exo-PARD3 cells and the endo-PARD3 cells. However, in mutant-PARD3 cells, the endogenous ZO-2 expressed normally, but did not colocalize with exogenous PARD3 (Fig. 3B) . These results suggested that the two PARD3 variants (D783G and P913Q) disrupt tight junction formation by affecting the colocalization of ZO-2 to the intercellular region.
Altered Cell Polarity Distribution in Human NPCs after PARD3 Knockdown
Because two aPKC-binding variants showed disruption of tight junction formation, we transfected siRNA into human NPCs to develop an in vitro cellular model with PARD3 knockdown, and then examine the phenotypic characteristics of the NPCs. The PARD3/PARD6 complex was reported to display apical polarity in human neural progenitors, which is different from what was seen in MDCK cells [Wolf, et al., 2008; Khazaei and Puschel, 2009] . We confirmed that PARD3 was apically localized on NPCs undergoing mirror-symmetry divisions (white arrow in Supp. Fig. S6 ).
After transfection with the siRNA universal negative control, the colocalization of PARD3 and PARD6 was seen clearly on the apical aspect of NPCs with single long axon-like synapse, and the mirrorsymmetry distribution between two daughter NPCs maintained (Fig. 4A) . PARD3 knockdown resulted into reduced PARD3 expression, loss of mirror-symmetry distribution between two daughter NPCs and the development of multiple short processes (Fig. 4B) , suggesting that the cell polarity characteristics and differentiation state of the NPCs was altered after PARD3 knockdown.
Short Abnormal Tail Bud Phenotype, Abnormal Epithelial Polarization Process of Neural Tube in Chick Embryo after cPard3 Knockdown
The chick is an excellent model with which to study the neurulation process, possessing several advantages over mammalian model fixed and stained. In MDCK cells expressing wt-PARD3 vectors, the exo-PARD3 colocalized with the endogenous ZO-2. In order to form integrated tight junctions between cells, the ZO-2 protein is exported from the exo-PARD3 cell to touch the endo-PARD3 cells and a clear intact tight junction was formed between them (thin white arrow). In MDCK cells expressing mutant-PARD3 vectors (D783G and P913Q), the mutant exo-PARD3 cells detached from adjacent endo-PARD3 cells, and the ZO-2 protein staining was obscure despite high levels of exogenous PARD3 expression (broad white arrows). The ZO-2 staining was inversely associated with the mutant PARD3 expression. Scale bars: 10 μm in D783G, 25 μm in WT and P913Q. (B) 36 hr after transfection, MDCK cells were cultured overnight in low Ca 2+ medium, and then transferred to normal calcium medium for another 1/2 hr culture to initiate tight junction formation. In MDCK cells expressing wt-PARD3, although ZO-2 was discontinuous at the tight junction region due to short recovery time, it clearly colocalized with myc-PARD3. Two tight junction proteins emitted radically from the exo-PARD3 cell to touch the endo-PARD3 cells in order to form integrated tight junctions (thin white arrow). In MDCK cells expressing mutant PARD3 (D783G and P913Q), the ZO-2 did not colocalize with exo-PARD3 (broad white arrows). Scale bars:10 μm in WT and P913Q, 25 μm in D783G. In progenitor with control siRNA, PARD3 and PARD6 colocalize to the apical poles of NPC, the mirror-symmetry distribution between two daughter NPCs is maintained (white arrow). Most NPCs maintained a single and long axon-like synapse to the adjacent cell (red arrow). B: In progenitor with PARD3 siRNA, PARD6 localized along the entire membrane or cytoskeleton, instead of the apical poles of NPC (low white arrow). In addition, the mirror-symmetry distribution between two daughter NPCs disappeared (top white arrow), and some knockdown NPCs harbored multiple minor processes (red arrow). Blue: DAPI; Red: PARD3; Green: PARD6. systems including: low cost, easy manipulation of the embryo in vitro that recapitulate normal in ovo development, the zipper-like NTC from multiple sites which is similar to that in human embryos, and a short period of embryogenesis [Eom, et al., 2012] .
Using chick embryos we explored whether the aforementioned cellular polarization abnormalities are potentially responsible for abnormal NTC in neuroepithelial tissue. We performed in ovo shRNA-induced lentiviral infection to produce cPard3 knockdowns in chick embryos, and then analyzed the neural tube phenotypes and the morphology of neuroepithelial tissue. Briefly, the lentiviral strain with high efficiency and low lethality was chosen by infecting chick embryo neuroepithelial cells. Higher GFP expression and survival were observed for the LV3 and LV4 strains than the LV1 strain (Supp. Fig. S7 ) and RT-PCR validated approximately 75% cPard3 knockdown (Supp. Fig. S8 ). After in ovo microinjection, mosaic GFP expression was constant from HH18 to HH38 stage in brain tissues (Supp. Fig. S9 ), demonstrating a continuous cPard3 knockdown in the treated chick embryos.
Within the cPard3 knockdown chick embryos, we observed two kinds of abnormal developmental phenotypes: small forebrains and small tails (Fig. 5) . Occasionally, the knockdown chicks presented with edematous torsos. Significantly more small tail bud types of embryos existed in cPard3 knockdown chicks than in control chicks (11/20 vs. 0/9, P < 0.05; Table 3 ). The prevalence of small forebrain phenotypes in the cPard3 knockdown embryos did not achieve statistical significance (5/20 vs. 0/9; P > 0.05). However, no classic cranial NTD phenotype (craniorachischisis, anencephaly) were observed in cPard3 knockdown chick embryos. We analyzed the localization and integrity of cPard3 and the epithelial polarization process of the chick spinal neural tube (Fig.  6A) . cPard3 expression was continuous and integrated on the apical surface of the epithelia (Fig. 6A-10 ) that predominantly converged and aggregated on the ventral midline region (Fig. 6A-1, 5, and 9) where the median hinge point (MHP) emerged during NTC. This implies that normal epithelial polarization phenomena occurred predominantly within the ventral MHP site of the neural tube. With the cPard3 knockdown, cPard3 expression was reduced and discrete on the apical aspect of the epithelia. More mesenchymallike cells (Fig. 6A-3, 7 , and 11) rather than the neuroepithelial cells aggregated in the ventral region. The inner lumen of the neural tube was also more coarse and broad compared with the control embryo (Fig. 6A-10, 12) . Multiple ectopic hinge-like invaginations were observed in cPard3 knockdown chick embryos (Fig. 6A-6,  8 ). Taken together, these observations suggest that the process of epithelial polarization was compromised. The process of epithelial polarization in the caudal neural tube was also analyzed (Fig. 6B ). It revealed a coarse neural lumen, abnormal epithelial polarization process, and multiple ectopic hinge-like invaginations in the cPard3 knockdown chick embryos.
Discussion The Contribution of Known Polarity Genes to Human Cranial and Spinal NTDs
The establishment and maintenance of the PCP and ABP pathways is a crucial step for the morphogenesis of the neuroepithelium [McCaffrey and Macara, 2009b] . Rare mutations in PCP pathway genes, including: VANGL1, VANGL2, CELSR1, FZD6, PRICKLE1, FUZZY, and SCRIB have been recognized as risk factors for human NTDs [Kibar, et al., 2007; Kibar, et al., 2009; Seo, et al., 2011; Allache, et al., 2012; De Marco, et al., 2012; Robinson, et al., 2012] . The overall incidence of mutations in PCP genes detected in human NTD samples is between 0.75% and 16.7%, due to complex phenotypic heterogeneity amongst the types of NTDs and ethnic differences among the study populations.
Recently, the Pard3 complex was found to have an independent role in neurulation separate from the PCP pathway. The zebrafish NTC model revealed that Pard3 is critical in orchestrating the midline crossing during neurulation, affecting mirror-symmetric polarized cell division [Geldmacher-Voss, et al., 2003; Sottocornola, et al., 2010] . Cross-talk between the PCP and Pard3 complex has also been observed [Zhang, et al., 2007; Wolf, et al., 2008; Courbard, et al., 2009; Cha, et al., 2011] . For example, the core PCP protein Dishevelled, is regulated by aPKC kinase activity to control axon differentiation [Zhang, et al., 2007] ; Wnt interacts with phosphorylation of aPKC [Zhang, et al., 2007; Wolf, et al., 2008] . The ABP protein Scribble and the PCP protein Vangl interact during anteriorposterior axon guidance [Courbard, et al., 2009] . A study in Xenopus oocytes found that Vangl2 also interacts with aPKC directly [Cha, et al., 2011] . Collectively, these data suggest the importance of the PARD3 complex in the process of human neurulation. However, the possible contribution of rare mutation in the PARD3 complex to human NTDs has not yet been studied. (HH34-35) . The epithelial structure of the neural tube was stained. Green: Pard3, Blue: DAPI. A: The square regions of panels 1, 3, 5, and 7 were captured and magnified on panels 5, 7, 9, and 11. In the normal chick embryos, the Pard3 expressed on the apical location of epithelia, and was restricted to the MHP region (red arrows in panel 10). The epithelia predominantly aggregate on the ventral midline region (columnar cell, white arrows in panels 1, 5, and 9) rather than the dorsal midline region. The inner lumen appears smooth, with the hinge point on the ventral tip (yellow arrowheads in panel 6, 10). With cPard3 knockdown, the undifferentiated mesenchymal cells rather than epithelia cells aggregated evenly on the ventral and dorsal midline point (round cells, white arrows in panels 3, 7, and 11). The inner lumen of the neural tube was coarser, and the hinge point on the ventral tip was broader (yellow arrowheads in panel 8, 12). Multiple ectopic hinge-like invaginations presented in cPard3 knockdown chick (yellow arrows in panel 8, 12) compared the control chick. B: For the chicks injected with control shRNA, the smooth and wedge-like neural tube was formed with epithelial cells distributing neatly on three hinge points (white arrows). In the cPard3 knockdown chicks, the undifferentiated mesenchymal cells formed the broader and coarse tube with multiple ectopic hinge-like invaginations (white arrows).
Our association study supported that rare deleterious variants of PARD3, particularly those variants in the aPKC-binding region, are significant risk factors for human cranial NTDs. The prevalence of very rare deleterious variants in the aPKC-binding region of PARD3 was 2% (3/138) in a Chinese cranial NTD cohort. To our knowledge, this is first study to identify rare deleterious variants of PARD3 in human cranial NTDs, which further supports the concept that human NTDs are a collection of disorders with high genetic heterogeneity, and both PCP and ABP genomic variants contribute to their occurrence, albeit at a low individual prevalence. These results serve to enhance our understanding of pathogenesis of NTDs in humans, highlighting the importance of the ABP genes to their etiology.
The mechanisms involved in human cranial NTDs are thought to differ from spinal NTDs [Copp and Greene, 2010] . Although the differential role of the polarity genes in human cranial and spinal NTDs has not yet been fully resolved, the differential SNV yield of polarity genes from different NTD subgroups implies that rare mutations in polarity genes is most often associated with cranial rather than spinal NTDs. For example, the yield of CELSR1 mutations in Western spinal NTDs cases was only 3% [Lei, et al., 2014] . Conversely, 16.7% of CELSR1 pathogenic mutations were reported in Caucasian fetuses with craniorachischisis [Robinson, et al., 2012] , which is significantly higher than for spinal NTDs (6/36 vs. 13/462, P < 0.01) [Allache, et al., 2012; Juriloff and Harris, 2012] . For the Chinese NTD cohort, VANGL2 mutations were identified in 2.9% (3/105) of cranial NTDs; however, no mutations were identified in spinal NTD cases . The skewed yield supported the specificity of the risk from variants in human PCP genes with respect to cranial NTDs. In our study, three of five cases (60%, Supp. Table S6 ) carrying rare deleterious PARD3 variants presented craniorachischisis, in which the lower spine region is equally involved as the cranial region, so the contribution of rare PARD3 variants to spinal NTDs cannot be excluded. In the future, the samples with isolated cranial/spinal NTDs should be studied to compare the pathogenesis of rare PARD3 variant in different types of NTDs.
PARD3 Loss-of-Function Variants in aPKC Binding Region Alter Tight Junction Function
It has been previously demonstrated that mutant PARD3 lacking the aPKC binding region (residues 827-856) is unable to associate with aPKC and influences cell-cell contact in MDCK cells . Site-directed mutagenesis and in vitro expression studies demonstrated that a PARD3 mutation at Ser827 (S827A) formed a stable complex with aPKC, which suppressed tight junction formation, whereas the mutant (S827E) cannot bind to aPKC . The effect of Pard3 point mutations on the localization of tight junction proteins has been previously studied. The mutant Pard3 was unable to localize to the tight junction regions in MDCK cells, resulting in abnormal/multiple cysts or duct formation McCaffrey and Macara, 2009a] .
Based on the molecular and cellular evidence from an in vitro over-expression system, we confirmed that two deleterious PARD3 variants in the aPKC binding region resulted in defective tight junction formation during epithelium morphogenesis. Surprisingly, a differential contribution was observed between D873G and P913Q variant. The D783G brought down less aPKC than did the P913Q, and but did not produce significant altered phosphorylation levels as did the P913Q, although it is physically close to Ser827. We speculate that either there are other regulators such as small GTPases involved in Pard3 phosphorylation [Joberty, et al., 2000] , or there is a feedback phenomenon in order to compensate for the reduced aPKC binding of mutant PARD3 [McCaffrey and Macara, 2009b] .
Suppression of PARD3 Expression Disrupts the Polarity Distribution of Human NPCs
NPCs can differentiate in vitro into mature neurons, providing a suitable cell model to study the function of individual genes during neural development. In neural tube formation, polarized cell division (referred to here as C-division) is an important step that deposits one daughter cell on either side of the midline. Using a GFP-tag to follow tissue dynamics and cell polarization during zebrafish neural tube development, Tawk et al. (2007) found that the C-division is a mirror-symmetric division in which Pard3 is expressed only on the apical pole of NPCs. Time-lapse photography revealed Pard3-GFP is expressed and localized consistently at the apical poles of the two daughter cells throughout division. After injection with a morpholino and a mutant Pard3-GFP which lacks the aPKC binding domain, Pard3-GFP was expressed widely in the cell membrane rather than being restricted to apical poles. We confirmed the apical polarity of PARD3 complex in normal human NPCs. However, PARD3 knockdown disrupted this apical polarity of PARD3 complex and mirror-symmetry distribution of daughter NPCs. This further established the role of PARD3 in maintaining polar characteristics of human NPCs.
PARD3 Loss-of-Function Results in Abnormal Process of Epithelial Polarization and Ectopic Hinge-Like Invaginations
It is well established that NTC is a complex epithelium remodeling process. During this process, dynamic epithelial polarization is observed, including apical constriction/basal expansion and nuclear migration and asymmetric epithelial distribution [Doudney and Stanier, 2005; Shimokita and Takahashi, 2011] . Specifically, the polarization process at some special site of the epithelium including ventral midline/ MHP and dorsolateral hinge points (DLHPs) are critical steps to facilitate NTC [Copp and Greene, 2010] . A recent study using a chick embryo model demonstrated that cPard3 was recruited to the apical region of the MHP to induce apical constriction by apical tight junction formation [Eom, et al., 2012] . This study suggests that Pard3 is a key mediator/molecule to promote MHP formation by apical tight junction formation and constriction, promoting the process of epithelial polarization. In this chick model with abnormal NTC, cPard3 expression was reduced on the apical region of the MHP region, while ectopic hinge-like points appeared [Eom, et al., 2012] .
On the spinal neural tube of cPard3 knockdown chick embryos, we observed a reduction in the epithelial polarization of the ventral MHP region due to an insufficiency of cPard3. The multiple ectopic hinge points instead of the specific MHP points emerged on the coarse and broad neural tube lumen, which are similar to those observed in chick embryos with NTDs. These phenomena supported our hypothesis that Pard3 insufficiency in the developing chick disrupts the apical tight junction formation/constriction of the neuroepithelium on the MHP region, and affects the normal epithelial polarization process, ultimately contributing to abnormal NTC.
In view of the human genetic evidence and the in vitro cellular/chick transfection system, we firmly believe that rare deleterious variants of PARD3 in the aPKC-binding region exert a loss-of function effect on NTC, adversely affecting the binding activity and colocalization with other polarity components. This results in disruption of apical tight junction formation and the neuroepithelium polarization process, and contributes to abnormal NTC.
Malformed tails were previously reported in mouse/chick PCP mutants as well as in a mouse model of NTDs. Knockout Vangl2 mutant mice presented with craniorachischisis, while heterozygous Vangl2 mutants mice are normal except for a looped tail and/or the occasional spina bifida [Copp, et al., 1994] . The dact-/-(a regulator of Vangl) mouse has a shorter tail than does the wild-type [Yang and Cheyette, 2013] . In an retinoic acid treated mouse model, defects of the tail bud were also observed [Griffith and Wiley, 1991] . In the cPard3 knockdown chick embryos, although no cranial NTD phenotype was observed, a significantly increased prevalence of a smaller tail bud than found in the controls suggests that cPard3 and some PCP molecules may be involved in the same neurulation developmental pathway to control NTC.
Considering the absence of an NTD phenotype in cPard3 knockdown chick embryos, we believe that the complex genetic inheritance of NTDs provides the most plausible explanation. Most mutant mice with NTDs, particularly mutant mice with a cranial NTD phenotype, harbor digenic mutations on other modifier/effector/interacting genes in addition to PCP genes (reviewed by [Juriloff and Harris, 2012] . For human NTDs, although we recognize the rare PCP variants as genetic risk factors for NTDs, we cannot exclude other loci as co-contributors. In this study, the D783G variant detected in the cranial NTD cases is very rare and NTD-specific, but was maternally inherited. The parental validation supports the concept that human NTDs are a collection of highly heterogeneous genetic disorders, suggesting that other modifier variants in addition to PARD3 contribute to cranial NTD occurrence. In the future, next generation sequencing of all target genes will help us to reveal the complete burden of genetic variants and their cointeractions contributing to NTD formation. In addition, the timing of the microinjections could represent another possible explanation. In the chick, primary neurulation occurs between HH stages 7-13. We microinjected cPard3 shRNA lentivirus at the HH12-14 stage. Generally it will take 48h for shRNA lentivirus to exert its knockdown effect (validated by real-time PCR; Supp. Fig S8) . The short overlap between these two temporal windows may not be sufficient for the shRNA to affect primary neurulation. Another possibility is that the knockdown efficiency in chick embryo was insufficient because the knockdown efficiency in cultured chick neuroepithelial cells might not be as same as that in chick embryos following in ovo microinjections.
In summary, this study explored a potential pathogenicity of rare deleterious PARD3 genomic variants on risk for human cranial NTDs. By in vitro functional analysis, we demonstrated that deleterious PARD3 variants in the aPKC binding region showed altered PARD3-aPKC interaction and tight junction formation. The abnormal phenotypes from human NPCs and chick embryos after cPard3 knockdown suggest that the disrupted apical tight junction formation and compromised polarization process of the neuroepithelium is a potential mechanism of NTDs. These results enhance our understanding of the etiology of human cranial NTDs, highlighting the importance of ABP genes in the development of these malformations, and also supports the concept that human NTDs are a collection of disorders with a high degree of genetic heterogeneity, and both PCP and ABP genomic variants contribute to their occurrence, albeit at a low individual prevalence (2%). In the future, the co-contribution of ABP and PCP genes should be studied in detail to assess the genetic heterogeneity and the phenotypic complexity of human NTDs.
